In Brief
Animals escape in response to threatening, but not non-threatening, visual stimuli. Yao et al. show that this behavior selection can be controlled at the stage of visuomotor transformation through differential visual responsiveness of hypothalamic dopaminergic neurons and downstream glycinergic interneurons.
INTRODUCTION
Appropriate behavioral responses to ever-changing sensory cues in the natural environment is critical for animals' well-being and survival (Cisek and Kalaska, 2010; Gold and Shadlen, 2007; Kristan, 2008; Ramaswami, 2014) . Animals receive abundant visual inputs from instant to instant and respond to them based on their behavioral relevance (Cisek and Kalaska, 2010; Gold and Shadlen, 2007; Knudsen, 2007; Kristan, 2008) . The generation of visual behavior engages visual pathways and downstream motor pathways. Although the generation of different visually evoked behaviors certainly involves signal processing along visual pathways (Merigan and Maunsell, 1993; Nassi and Callaway, 2009 ), many of animals' actions are selected at the visuomotor transformation stage, where visual information is transformed into motor commands (Krapp, 2010; Optican, 2005; von Reyn et al., 2014) . This selective visuomotor transformation filters out superfluous information and permits relevant visual signals to trigger appropriate behaviors (Cisek and Kalaska, 2010; Gold and Shadlen, 2007; Krapp, 2010; Optican, 2005; von Reyn et al., 2014) . However, due to the complexity of neural circuits involved in visuomotor transformation, how the transformation process is controlled for the selection of appropriate behaviors in a visual stimulusspecific manner remains poorly understood.
The teleost escape circuit responsible for initiating C-shape fast-start (C-start) escape behavior has emerged as an ideal model for studying neural mechanisms underlying animal behaviors (Eaton et al., 2001; Korn and Faber, 2005) . In the circuit, Mauthner cells (MCs), a pair of giant reticulospinal neurons bilaterally located at the rhombomere 4 of the hindbrain, are motor command-like neurons for C-start escape behavior (Eaton et al., 2001; Korn and Faber, 2005; Liu and Fetcho, 1999; O'Malley et al., 1996) . They receive auditory inputs from the VIII th nerve at their lateral dendrites and generate action potentials to initiate auditory escape (Eaton et al., 2001; Korn and Faber, 2005; Liu and Fetcho, 1999; Mu et al., 2012; O'Malley et al., 1996) . In zebrafish and goldfish, the descending projection fibers of the visual center optic tectum (OT) make contacts with MCs at their ventral dendrites (Sato et al., 2007; Zottoli et al., 1987) , indicating that MCs may also receive visual inputs routed through the OT. This anatomical evidence provides a basis for studying visuomotor transformation at the escape circuit.
In the present study, using the defined zebrafish escape circuit as a model, we elucidated a neuromodulation mechanism that underlies stimulus-specific visuomotor transformation and behavior selection. Threatening visual expanding stimuli, which mimic predator approaching (Hatsopoulos et al., 1995; Preuss et al., 2006; Temizer et al., 2015; von Reyn et al., 2014) , but not non-threatening stimuli (including alertness-evoking light flashes) (Knudsen, 2007; Mu et al., 2012) , evoked MC-mediated visual escape behavior. We then characterized the visual responses of both presynaptic tectal projection fibers and postsynaptic MCs by electrophysiological recordings in intact awake larvae. Although both types of visual stimuli could robustly activate tectal projection fibers, only expanding stimulus-evoked neural activities were efficiently transmitted to MCs to initiate escape, indicating that visuomotor transformation at tectal projection fiber-MC synapses (T-M synapses) is controlled in a visual stimulus-specific manner. Combining both loss-of-function and gain-of-function manipulations, we then found that the control of this visuomotor transformation was implemented through a dopaminergic-inhibitory neural circuit module, in which dopaminergic neurons in the caudal hypothalamus (HC) directly activated glycinergic interneurons in the hindbrain. Furthermore, we showed that both dopaminergic neurons and glycinergic interneurons responded to different visual stimuli with distinct patterns. Both types of neurons were activated by flash stimuli, imposing an enhanced inhibition to T-M synaptic transmission. By contrast, expanding stimuli suppressed some of these neurons' activities, leading to dis-inhibition of T-M synaptic transmission and generation of escape behavior. Thus, our study reveals a visual stimulus-specific neuromodulatory mechanism that controls visuomotor transformation and consequent behavioral responses.
RESULTS
Threatening, but Not Non-threatening, Visual Stimuli Evoke MC-Dependent Escape To study visuomotor transformation at the escape circuit of zebrafish, we first examined whether tectal projection fibers make functional synapses on MCs. Using a transgenic zebrafish enhancer trap mCherry-Gal4 line , in which some tectal neurons expressed mCherry, we found that tectal projection fibers showed co-localization with the ventral dendrite of the MC, which was retrogradely labeled by Calcium Green (Figures S1A-S1C). In vivo whole-cell recording showed that in response to extracellular electrical stimulation of the tectal projection fibers, MCs displayed evoked excitatory postsynaptic currents (eEPSCs) with a mean latency of 1.6 ± 0.1 ms (mean ± SEM, n = 47; Figures S1D-S1F). These eEPSCs were largely abolished by bath application of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 50 mM), an antagonist of the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid subtype of glutamate receptors (AMPARs; Figure S1E ; p < 0.01, paired t test). Consistently, electrical stimulation applied at the soma layer of the middle posterior region of the OT also evoked EPSCs in MCs with a mean latency of 1.7 ± 0.1 ms (n = 40; Figure S1G ). These results indicate that tectal projection fibers form functional glutamatergic synapses on MCs, consistent with the findings in goldfish (Preuss et al., 2006; Zottoli et al., 1987) .
We then examined behavioral responses of larval zebrafish at 4-7 days post-fertilization (dpf) by presenting visual stimuli with different ethological meanings through a mini-projector ( Figure 1A) . It has been shown that animals generate escape behaviors in response to threatening visual stimuli, such as looming stimuli that mimic shadow expanding toward animals (Hatsopoulos et al., 1995; Preuss et al., 2006; Temizer et al., 2015; von Reyn et al., 2014) . In our experiments, expanding black discs with different speeds were applied to zebrafish larvae (Figure S1H) . Larvae exhibited escape behavior that was characterized by a short duration (10.6 ± 0.3 ms for 5.4 cm/s expanding stimuli, n = 48 events) for reaching a C-shape of tail curvature after the behavior onset and a direction of movement away from expanding stimuli ( Figures 1B-1D) . The probability and latency of escape behaviors were dependent on the expanding speed of the stimulus ( Figures 1D and S1I ). By contrast, nonthreatening visual stimuli, including receding, light approaching, and flash stimuli (Knudsen, 2007; Mu et al., 2012; Preuss et al., 2006; Temizer et al., 2015) , failed to induce escape behavior (Figures 1B and 1D) . Receding stimuli are the time reversal of expanding stimuli, whereas light approaching stimuli are the contrast reversal of expanding stimuli. This is consistent with the finding in goldfish that threatening, but not non-threatening, stimuli can trigger escape response (Preuss et al., 2006) . Furthermore, two-photon laser-based lesion of bilateral MCs largely prevented expanding stimulus-induced escape behavior ( Figure 1E ; p < 0.01, Mann Whitney U test), indicating the requirement of MCs for this visual escape behavior.
Consistent with behavioral data, in vivo whole-cell recording showed that expanding stimulus-induced excitatory compound synaptic currents (CSCs, at À60 mV) of MCs were significantly larger than those evoked by non-threatening visual stimuli (Figures 1F and 1G ; p < 0.01, one-way ANOVA followed by Bonferroni post hoc test for multiple comparisons).
Control of Visuomotor Transformation from the Visual Center to Escape Circuit
How do non-threatening (e.g., flash) and threatening stimuli (e.g., expanding) have distinct capabilities for activating MCs and triggering escape behavior? One possibility is that flash stimuli cannot activate tectal projection fibers. Alternatively, flash stimulus-evoked activities of these fibers cannot be efficiently transmitted to postsynaptic MCs. To discriminate between these two possibilities, we performed in vivo multi-unit recording of tectal projection fibers and whole-cell recording of MCs. Both flash and expanding stimuli could induce robust and comparable spiking activities at tectal projection fibers in a stimulus intensitydependent manner ( Figures 1H, 1I , S2A, S2C, and S2E; p < 0.001, Page's trend test). However, flash-evoked responses of MCs were always small regardless of stimulus intensity (Figures 1J, S2B, and S2D; p = 0.8, Page's trend test), whereas expanding stimulus-evoked MC responses were large and increased along with the increased intensity of expanding stimuli (Figures 1K and S2F; p < 0.001, Page's trend test). Two-way ANOVA analysis by using the parameters ''stimulus intensity'' and ''cell type'' revealed that tectal projection fibers were more sensitive to flash stimuli than MCs (p < 0.01; comparison between data in Figures  1H and 1J ), while there was no significant difference in the expanding stimulus sensitivity between tectal projection fibers and MCs (p = 0.62; comparison between data in Figures 1I and  1K ). Furthermore, we performed single-unit analysis of visually (Dayan, 2012; Marder, 2012; Tritsch and Sabatini, 2012) , including auditory information processing and visuoauditory interaction at the escape circuit in teleosts (Korn and Faber, 2005; Mu et al., 2012; Pereda et al., 1992) . We thus examined its involvement in the control of visual signal transmission at T-M synapses. In the presence of the dopamine D1 receptor (D1R) antagonist SCH-23390 (50 mM), T-M synaptic transmission was markedly enhanced, as evidenced by a significant increase in the total integrated charge of eEPSCs of MCs in response to the electrical stimulation of tectal projection fibers (Figure 2A ; 80.6 ± 52.0 pC under control versus 607.1 ± 156.3 pC under SCH-23390, n = 6 M cells from 6 larvae, p < 0.05, Wilcoxon signed rank test). Furthermore, flash-evoked responses of MCs were also significantly enhanced by local puffing of SCH-23390 in the vicinity of MC ventral dendrites ( Figure 2B ; 17.7 ± 11.1 pC under control versus 232.8 ± 48.2 pC under SCH-23390, n = 6 M cells from 6 larvae, p < 0.01, paired t test). Importantly, under D1R blockade by SCH-23390 (50 mM) or another D1R antagonist SCH-39166 (100 mM), even weak flash stimuli were capable of evoking escape ( Figure 2C ; p < 0.001, Kruskal-Wallis test with Dunn's multiple comparison test). Flash-evoked escape behavior under D1R blockade was mediated by MCs because this behavior was largely prevented by the lesion of bilateral MCs ( Figure 2D ; p < 0.001, Kruskal-Wallis test with Dunn's multiple comparison test). Application of the dopamine receptor agonist apomorphine (''Apo,'' 20 mM), the dopamine D2 receptor (D2R) agonist quinpirole (50 mM), or the D2R antagonist raclopride (50 mM) had no obvious effect ( Figure 2C ). For expanding stimuli, D1R blockade by SCH-23390 also significantly enhanced visually evoked responses of MCs ( Figure 2E ; for 40 cm/s expanding stimuli, p < 0.05; for 5.4 cm/s expanding stimuli, p < 0.01; Wilcoxon signed rank test) and the occurrence of escape ( Figure 2F ; for 40 cm/s expanding stimuli, p < 0.05; for 5.4 cm/s expanding stimuli, p < 0.01; unpaired t test). These results suggest that, regardless of the type of visual stimuli, dopaminergic signaling via D1Rs controls visuomotor transformation at T-M synapses and consequent escape generation. hindbrain of zebrafish (Mu et al., 2012; Tay et al., 2011) . To identify which dopaminergic nucleus is involved in the control of visuomotor transformation at T-M synapses, we first examined the effect of the lesion of these individual dopaminergic nuclei in transgenic ETvmat2:GFP larvae, in which dopaminergic neurons express GFP (pseudocolor, Figure 3A ) (Mu et al., 2012; Wen et al., 2008) . Two-photon laser-based local lesion of GFP-expressing cells in the HC, but not HI or PT, resulted in a There are two dopamine synthesis enzyme homologous genes tyrosine hydroxylase 1 and 2 (th1 and th2) in zebrafish, and HC neurons preferentially express th2 (Filippi et al., 2010) . We then performed morpholino oligonucleotide (MO)-based knockdown of th2 to downregulate dopamine synthesis in HC neurons (Mu et al., 2012) . As expected, the total number of dopamine-immunoreactive cells in the HC of th2 MO-injected larvae (morphants, ''th2-MO'') was reduced ( Figure 3C ; p < 0.001, unpaired t test). Consistent with the effect of HC lesion, flash-evoked responses of MCs in morphants were significantly larger than those in control animals ( Figure 3D ; p < 0.01, unpaired t test with Welch's correction). At behavioral level, in comparison with the effect of SCH-23390 at 50 mM (see Figure 2C ), the treatment of SCH-23390 at low concentrations (12 mM and 25 mM) slightly increased the probability of flash-evoked escape (black bars in Figure 3E ). This slight increase was significantly enhanced after HC lesion (right four bars in Figure 3E ; p < 0.05 for 12 mM groups, p < 0.001 for 25 mM groups, unpaired t test with Welch's correction), though the lesion itself did not markedly increase the escape occurrence (left two bars in Figure 3E ) possibly due to the incomplete ablation of HC dopaminergic neurons (see Figure S3) . Meanwhile, HC lesion also enhanced expanding stimulus-evoked responses of MCs and the occurrence of escape (p < 0.05 in Figure 3F and p < 0.05 in Figure 3G , unpaired t test).
HC Dopaminergic Neurons Control Visuomotor
To directly demonstrate the role of HC dopaminergic neurons in controlling MC visual responses, we generated a transgenic Tg(DAT:ChR2) line in which the promoter of the dopamine transporter (DAT) gene drives channelrhodopsin-2 (ChR2) expression in dopaminergic neurons. We used a 440 nm laser to scan the middle layer of the HC to selectively activate those dopaminergic neurons. This optogenetic manipulation significantly reduced both expanding stimulus-and flash stimulusevoked responses of MCs ( Figures 3H and 3I ). Taken together, these results indicate that dopaminergic neurons in the HC play a crucial role in controlling visuomotor transformation from the optic tectum to the escape circuit.
Inhibition Is Downstream of Dopaminergic Signaling
Interestingly, in contrast to extracellular application of SCH-23390 (see Figures 2A, 2B , and 2E), blockade of D1R signaling in MCs by intracellular loading of PKI (6-22) amide, a membrane-impermeable inhibitor of protein kinase A (PKA) (Mu et al., 2012; Parisiadou et al., 2014) , into MCs via whole-cell recording pipettes did not obviously increase flash stimulus-or expanding stimulus-evoked responses of MCs (p = 0.75 in Figure 3J and p = 0.81 in Figure 3K , Mann Whitney U test), implying that the HC dopaminergic control of visuomotor transformation is mediated by D1Rs expressed on other cells but not on MCs. Furthermore, as D1R activation usually increases the activity of targeted neurons (Gorelova et al., 2002; Krö ner et al., 2007; Surmeier et al., 2007; Tritsch and Sabatini, 2012) , the increase of MC visual responses induced by D1R blockade and HC lesion suggests that the effect may be mediated by inhibitory neurons. Therefore, we next examined the effect of inhibition on visuomotor transformation. We found that inhibition blockade by bath application of the glycine and ionotropic GABA receptors antagonist picrotoxin (PTX) enhanced T-M synaptic transmission ( Figure S4A ; p < 0.01, paired t test). Flash-induced responses of MCs were also increased by puffing PTX to the vicinity of MC ventral dendrites ( Figure S4B ; p < 0.001, paired t test). Importantly, after PTX application, fish could generate MCdependent escape in response to flash stimuli ( Figure S4C ).
We then examined whether inhibition is downstream of dopaminergic signaling in controlling visuomotor transformation. Under D1R blockade by SCH-23390, we applied both the glycine transporter blocker sarcosine (''Sar'') and the GABA transporter blocker nipecotic acid (''NA'') to increase the extracellular concentration of these transmitters and strengthen inhibitory actions (Kullander et al., 2003) . This treatment markedly attenuated the enhancement effects of D1R blockade on T-M synaptic transmission, MC flash responses and flash-evoked escape ( Figure S4D , p < 0.05, paired t test; Figure S4E , p < 0.01, paired t test; Figure S4F , compared to SCH-23390 (50 mM) group, p < 0.05, Kruskal-Wallis test with Dunn's multiple comparison test). By contrast, enhancing dopaminergic signaling via bath application of apomorphine did not obviously impair inhibition blockade-induced effects on these aspects ( Figure S4G , p = 0.30, paired t test; Figure S4H , p = 0.56, paired t test; Figure S4I , p = 0.69, one-way ANOVA). These results suggest that dopaminergic control of visuomotor transformation may be through inhibition.
Hindbrain Inhibitory Interneurons Mediate the Dopaminergic Control
In the zebrafish hindbrain, there are numerous glycinergic inhibitory interneurons around MCs (Koyama et al., 2011) . To identify the source of inhibition involved in the dopaminergic control, we examined the effect of local lesion of hindbrain glycinergic interneurons in transgenic Tg(GlyT2:GFP) larvae at 6-7 dpf, in which glycinergic interneurons express GFP ( Figure 4A ) (Koyama et al., 2011) . We first characterized these interneurons by performing in vivo cell-attached recording ( Figures 4B-4D ) and found that they displayed spatial location-dependent activities ( Figure 4B ). Near the midline, glycinergic interneurons exhibited a low level of spontaneous activity (''Group 1,'' Figures 4B-4D; 0.06 ± 0.04 Hz, n = 20). In the lateral hindbrain, glycinergic interneurons fired spontaneous action potentials at relative high frequencies (''Group 2,'' Figures 4B-4D , S5A, and S5B; 10.6 ± 2.4 Hz, n = 20). The majority of neurons in these two areas did not respond to flash stimuli (35/40; Figures 4B and 4D) . Interestingly, glycinergic interneurons in a cluster (''Group 3''), which were located posterior to MC somata and split by a midline-to-laterally orientated blood vessel, displayed bursting spontaneous activities (4.7 ± 0.9 Hz, n = 13) and robustly responded to flashes with bursting firing (12/13; Figures 4B-4D and S5C-S5E) .
We then performed two-photon laser-based unilateral lesion of these interneuron groups and monitored visual responses of bilateral MCs ( Figure 4E) . Lesion of the group 1 did not obviously affect MC flash responses (gray bars, Figures 4F-4H ; n = 10 larvae; p = 0.77 in Figure 4F , p = 0.65 in Figure 4G , p = 0.71 in Figure 4H , paired t test). However, lesion of the group 2 significantly enhanced the response of contralateral MCs (blue bars, Figure 4G , p = 0.08 in Figure 4H , paired t test). Lesion of the group 3 markedly enhanced the response of ipsilateral MCs (pink bars, Figure 4F ; p < 0.001, n = 16, paired t test), largely due to the increase in peak amplitude (pink bars, Figures 4G and 4H; p < 0.05 in Figure 4G , p < 0.001 in Figure 4H , paired t test). Simultaneous lesion of the contralateral group 2 and ipsilateral group 3 led to further enhancement of MC flash responses (red bar, Figure 4F ; p < 0.01 for the group 2, p < 0.05 for the group 3, one-way ANOVA followed by Bonferroni post hoc test for multiple comparisons). Similarly, expanding stimulus-evoked responses of MCs were also markedly increased by simultaneous lesion of the contralateral group 2 and ipsilateral group 3 (Figure 4I ; p < 0.05, n = 6, paired t test). Inhibition blockade-induced increases in both eEPSCs and CSCs of MCs (see Figures S4A and S4B ) imply changes in presynaptic transmitter release and/or postsynaptic glutamate receptor responsiveness. To discriminate between these possibilities, we first measured the paired-pulse ratio (PPR) of MC eEPSCs, which were evoked by electric stimulation of tectal fibers. The PPR is a parameter mainly reflecting the property of presynaptic neurotransmitter release (Singer and Diamond, 2006; Wei et al., 2012) . We found that inhibition blockade by PTX application significantly reduced the PPR (Figures S5F  and S5G ; p < 0.01, n = 8, paired t test). However, no change was observed in the glutamate puffing-induced current or input resistance of MCs after PTX application ( Figures S5H and S5I , p = 0.61, paired t test; Figure S5J , p = 0.38, Wilcoxon signed rank test). These findings suggest that the effect of inhibition on T-M synaptic transmission occurs mainly at presynaptic sites.
To reveal the fiber projections of glycinergic interneurons, we performed local injection of neurobiotin at the vicinity of MC ventral dendrites in Tg(GlyT2:GFP) larvae ( Figures 4J and 4K ). Neurobiotin retrogradely labeled tectal neurons in the ipsilateral OT ( Figures 4L and 4M) as well as the contralateral group 2 (Figures 4L and 4N ) and the ipsilateral group 3 glycinergic interneurons ( Figures 4L and 4O ), providing anatomical evidence that these interneurons send projection fibers to the area around the location of T-M synapses. Taken together, these results indicate that hindbrain glycinergic interneurons are involved in the control of visuomotor transformation at T-M synapses.
HC Dopaminergic Neurons Directly Activate Glycinergic Interneurons via D1Rs
We next examined whether and how HC dopaminergic neurons regulate the activity of these hindbrain glycinergic interneurons. Under the blockade of excitatory synaptic transmission by the incubation of CNQX (50 mM) and DL-2-amino-5-phosphonovaleric acid (APV, 100 mM), an antagonist of the N-methyl-D-aspartate (NMDA) subtype of glutamate receptors (NMDARs), we found that optogenetic activation of ChR2-expressing HC dopaminergic neurons in Tg(GlyT2:GFP,DAT:ChR2) larvae depolarized both the group 2 and 3 glycinergic interneurons and the depolarization was blocked by SCH-23390 application ( Figure 5A ; p < 0.01 for group 2, p < 0.01 for group 3, paired t test). The small amplitude of optogenetic activation-induced depolarization in glycinergic interneurons might be due to the fact that only dopaminergic neurons in the middle layer of the HC were optogenetically activated. By contrast, two-photon laser-based HC lesion reduced the spontaneous firing activity of the group 2 interneurons ( Figures 5B, S6A , and S6B; p < 0.01, unpaired t test) and the flash-evoked firing response of the group 3 interneurons ( Figures 5C, S6C , and S6D; p < 0.05, unpaired t test). Morphologically, double immunostaining of dopamine and GFP in Tg(GlyT2:GFP) larvae revealed the existence of dopamineimmunoreactive fibers near the group 2 and 3 interneurons ( Figure 5D ).
Furthermore, in vivo cell-attached recording in Tg(GlyT2:GFP) larvae showed that bath application of the dopamine receptor agonist apomorphine increased the spontaneous firing activity of the group 2 (Figures 5E and S6E ; p < 0.05, Wilcoxon signed rank test) and the flash-evoked firing response of the group 3 interneurons (Figures 5F and S6F; p < 0.05, paired t test). Consistently, in vivo whole-cell recording showed that apomorphine application markedly increased the frequency of spontaneous EPSCs (sEPSCs) of the group 2 interneurons (left two bars in Figure S6G; p < 0.05, paired t test) and flash-evoked CSCs of the group 3 interneurons (left two bars in Figure 5G ; p < 0.05, paired t test). These enhancement effects of apomorphine were largely abolished by intracellular blockade of D1R downstream signaling through intracellular loading of PKI (6-22) amide into the recorded interneurons (right two bars in Figures 5G and  S6G) . Importantly, visual responses of the group 3 interneurons were markedly suppressed by D1R blockade through intracellular loading of PKI (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) amide (open bars in Figure 5G ; p < 0.05, unpaired t test) or local application of SCH-23390 (Figure 5H ; p < 0.05, paired t test).
Taken together, these results indicate that HC dopaminergic neurons innervate and positively regulate the activities of hindbrain glycinergic interneurons via D1Rs.
Differential Responses of Dopaminergic-Inhibitory
Circuit to Non-threatening and Threatening Visual Stimuli As both flash stimulus-and expanding stimulus-triggered visuomotor transformations were regulated by manipulation of D1R signaling, HC dopaminergic neurons, and hindbrain glycinergic interneurons in a similar manner (see Figures 2, 3 , and 4), we hypothesize that visual stimulus specificity of visuomotor transformation control (see Figure 1 ) may be due to the visual response property of HC dopaminergic neurons.
We then characterized the properties of visual responses in HC dopaminergic neurons by performing in vivo calcium imaging of double transgenic Tg(DAT:Gal4,UAS:GCaMP5) larvae, in which the calcium indicator GCaMP5 is expressed in dopaminergic neurons ( Figure 6A ). In all 15 larvae with the middle layer of the HC imaged, a total number of 405 HC dopaminergic neurons were examined. For nearly all of visually responsive HC dopaminergic neurons, non-threatening stimuli (including flash, receding, and light approaching stimuli) evoked an increased calcium activity (''ON response''; Figures 6B-6D , and Tables S1-S3). By contrast, expanding stimuli induced a decreased calcium activity (''OFF response'') in 20% of HC dopaminergic neurons as well as increased responses in 39% of these neurons ( Figure 6E and Tables S4 and S5 ). Similar phenomena were observed by performing in vivo cell-attached recording of HC dopaminergic neurons-only expanding stimuli could evoke a decreased spiking activity in 27% of HC dopaminergic neurons ( Figures 6F-6H) .
Furthermore, we found that HC dopaminergic neurons were incapable of responding to visual stimuli after two-photon laser-based bilateral lesion of the OT (Figure 6I ), indicating that the visual inputs to HC dopaminergic neurons are routed through the OT. More importantly, we found that, after local puffing of PTX into the HC, the percentages of expanding OFF-and ONresponse neurons were markedly decreased and increased, respectively (for OFF-response neurons: from 18% to 1%; for ON-response neurons: from 45% to 85%; Figure 6J ). Meanwhile, more neurons displayed ON responses to flash stimuli (from 34% to 48%; Figure 6K ). These findings suggest that inhibition is involved in the generation of visual stimulus-specific response patterns in HC dopaminergic neurons, especially for expanding stimulus-induced OFF response. In line with the fact that hindbrain glycinergic interneurons are positively regulated by hypothalamic dopaminergic signaling (see Figure 5 ), these interneurons displayed largely ON responses to flash stimuli and mainly OFF responses to expanding stimuli ( Figures S7A  and S7B ).
Working Model
Taken together, flash-induced increase in both HC dopaminergic neurons' and glycinergic interneurons' activities can impose an enhanced inhibition to T-M synapses and thus prevent flash information transformation ( Figure 7A ). By contrast, expanding stimulus-induced decrease in those neurons' activities can weaken the inhibition to T-M synapses and permit expanding stimulus-relevant information to be transmitted from the OT to MCs and trigger escape behavior ( Figure 7B ).
This dopaminergic modulation is achieved through glycinergic interneuron-mediated truncation of synaptic transmission from tectal projection fibers to MCs. Analysis of flash-evoked response timing showed that the onset of MC responses preceded the firing of glycinergic interneurons, which in turn preceded the firing of HC dopaminergic neurons ( Figure 7D ). This apparently reversed sequence of neuronal activation for dopaminergic modulation can be understood by analyzing the profile of synaptic responses in MCs. MC responses to flash and expanding stimuli were different ( Figure 7C ), reflecting differential dopaminergic modulation of inhibitory inputs to MCs. For expanding stimuli, MCs showed excitatory synaptic potentials with no detectable inhibitory component. For flash stimuli, MCs exhibited tri-phasic responses with a marked inhibitory component (''IPSP'') between two excitatory components (''EPSP1'' and ''EPSP2''). The initial transient excitation EPSP1 was due to excitatory inputs, which were more clearly revealed after PTX application ( Figure 7C ). The inhibitory component with onset similar to that of glycinergic interneurons firing ( Figure 7D ) could be abolished by application of SCH-23390 ( Figure 7C ), indicating strong dependence of inhibition on dopaminergic signals. The profile of flash-evoked MC responses indicates that, although glycinergic interneuron-mediated inhibitory inputs arrive later than tectal excitatory inputs at MCs, truncation of MC EPSPs by the inhibitory input is sufficient to prevent MCs from generating action potentials. With respect to HC dopaminergic neurons, although the onset of their firing is later than that of glycinergic interneurons, it is still ahead of the peak of MC IPSPs and the onset of flash-evoked escape behavior under control conditions ( Figure 7D ), suggesting those dopaminergic neurons could modulate interneurons Figure S7 and Tables S1-S5. activity and control escape occurrence. In line with this notion, after blocking dopaminergic or glycinergic activities, flashevoked escape behavior could happen as early as the appearance of MC EPSP1 ( Figure 7D ).
Taken together, these results indicate that glycinergic inhibition truncates the excitatory synaptic transmission from the OT to MCs, and this glycinergic inhibition-mediated truncation underlies the dopaminergic control for visuomotor transformation.
DISCUSSION
A major challenge for mechanistic understanding of sensorimotor transformation is to decipher how this transformation is controlled to achieve the selection of behavioral responses for distinct behaviorally relevant sensory stimuli. Our findings for the first time show that a dopaminergic-inhibitory neural circuit module controls visuomotor transformation, and the selectivity of this control is achieved through different visual response patterns of neurons within the module. This neuromodulatory module can discriminate visual inputs with distinct ethological meaning and filter behaviorirrelevant information for triggering appropriate behavior.
Involvement of HC Dopaminergic Neurons in Controlling Visuomotor Transformation
The following lines of evidence strongly support that HC controls the transmission of visual information from the OT to MCs. First, lesion of the HC rather than other dopaminergic nuclei enhanced visually evoked responses of MCs (see Figures 3B and 3F) . Second, specific downregulation of dopamine synthesis in HC dopaminergic neurons enhanced visually evoked responses of MCs (see Figure 3D ). Third, optogenetic activation of HC dopaminergic neurons reduced visually evoked responses of MCs ( Figures 3H and 3I) . Fourth, although HC lesion did not increase the baseline probability of flashevoked escape behavior, it did facilitate the escape behavior when low dosages of SCH-23390 were applied (see Figure 3E ). Due to their deep location, some HC dopaminergic neurons could not be ablated (see Figure S3) . We guess that, in response to flash stimuli, the remaining HC dopaminergic neurons can be activated to release an amount of dopamine that is sufficient to activate glycinergic interneurons and prevent the generation of escape behavior. This hypothesis is supported by the synergic effect of HC lesion with low dosages of SCH-23390 (see Figure 3E) . Finally, HC lesion enhanced the occurrence of expanding stimulus-evoked escape behavior (see Figure 3G ).
Diverse Sensory Responses of Dopaminergic Neurons
In mammals, dopaminergic neurons can encode reward-or alertness-relevant motivation values by differentially responding to external sensory stimuli with distinct physiological meaning (Bromberg-Martin et al., 2010; Howe et al., 2013; Lammel et al., 2012; Matsumoto and Hikosaka, 2009; Schultz et al., 1997) . They can be activated by signals relating to reward or physical salience (Bromberg-Martin et al., 2010; Howe et al., 2013; Schultz et al., 1997) while being inactivated by aversive stimuli such as punishment (Bromberg-Martin et al., 2010; Ungless et al., 2004) . Consequently, changes in dopamine release can certainly modulate synaptic transmission in downstream neural circuits. In the present study, by taking advantage of the simplicity of neural circuits in larval zebrafish, we found that HC dopaminergic neurons can respond differently to visual stimuli with distinct ethological meaning and finally affect behavior generation by differential modulation of visuomotor transformation.
Dopaminergic neurons in many species are found to be responsive to sensory stimuli (Chiodo et al., 1980; Dommett et al., 2005; Matsumoto and Hikosaka, 2009; Mu et al., 2012; Riemensperger et al., 2005) . In mammals, sensory information can be routed through subcortical structures (Coizet et al., 2010; Dommett et al., 2005) . For example, the superior colliculus is a main source of afferent visual inputs to dopaminergic neurons (Dommett et al., 2005; Watabe-Uchida et al., 2012) . In zebrafish, our study shows that visual inputs to HC dopaminergic neurons are routed through the OT, the homolog of the superior colliculus.
In mammals, dopaminergic neurons receive GABAergic inputs from local (Tan et al., 2012; van Zessen et al., 2012) and/or other brain areas (Matsui et al., 2014; Watabe-Uchida et al., 2012) . These inhibitory inputs confer functional diversity to dopaminergic neurons. In zebrafish, our results suggest that inhibitory inputs contribute to expanding stimulus-induced activity suppression of HC dopaminergic neurons. Although we could not identify the involved inhibitory interneurons due to technical challenges, there are two possibilities about the origin of inhibition. Expanding stimulus-relevant, but not flash stimulus-relevant, inputs from the OT activate local interneurons in the HC that impose a feedforward inhibition to HC dopaminergic neurons. Alternatively, expanding stimulus-relevant signals activate long-range projection interneurons that innervate HC dopaminergic neurons.
Although we made a simple classification of HC dopaminergic neurons based on their visual responses, the real picture is more complex. For example, some dopaminergic neurons did not respond to visual stimuli we have tested, while others responded to both expanding and flash stimuli or to either of them (see Tables S1-S5 ). Furthermore, expanding stimuli can increase or decrease neural activities in different cells. Such complexity has also been reported in mammals where noxious stimuli evoked either excitatory or inhibitory responses in dopaminergic neurons (Brischoux et al., 2009; Bromberg-Martin et al., 2010; Matsumoto and Hikosaka, 2009; Ungless et al., 2004) .
Dopaminergic-Inhibitory Neural Circuit Module
Dopaminergic modulation of inhibition is a conserved neural mechanism in regulating synaptic and neural circuit functions in both invertebrates and vertebrates (Calabresi et al., 2014; Chase et al., 2004; Gorelova et al., 2002; Krö ner et al., 2007; Surmeier et al., 2007; Tritsch and Sabatini, 2012) . For example, in the prefrontal cortex, dopamine activates fast-spiking interneurons and increases their membrane excitability via D1Rs, resulting in an increased GABAergic inhibition to pyramidal neurons (Gorelova et al., 2002; Krö ner et al., 2007) . Our study showed that this dopaminergic-inhibitory motif can serve as a mechanism for controlling visuomotor transformation and behavior selection. We revealed that dopaminergic neurons can directly modulate glycinergic interneurons in a robust and rapid manner. First, the visual responses of glycinergic interneurons are highly dependent on dopaminergic signaling because blockade of D1Rs or downstream signaling greatly diminished the visual responses of these cells (see Figures 5G and 5H) . Second, the modulation occurred within tens of milliseconds to sub-seconds (see Figures 5A and 7D ). Such rapid dopaminergic modulation has also been reported in previous studies. In mammals, flash stimuli evoked responses with a latency of around 100 ms in substantia nigra dopaminergic neurons (Dommett et al., 2005) , and dopaminergic effects on downstream neural functions can happen within a second (Araya et al., 2013; Chuhma et al., 2014; Gunaydin et al., 2014; Marcott et al., 2014) . For example, the time needed for the effect of uncaged dopamine on calcium activities in dendritic spines is around 30 ms (Araya et al., 2013) . Such rapid dopaminergic actions may be mediated by protein-protein physical interaction between dopamine receptors and their effectors (Ladepeche et al., 2013; Liu et al., 2000) , the activation of channels coupled with G-beta/gamma protein complexes, or some unidentified mechanisms (Araya et al., 2013; Chuhma et al., 2014; Gunaydin et al., 2014; Marcott et al., 2014) . Thus, although we cannot exclude the possibility that differential responsiveness of glycinergic interneurons to flash versus expanding stimuli may contribute to some extent, it is likely that HC dopaminergic neurons provide the major action in the discriminative control of visuomotor transformation.
Bidirectional Dopaminergic Modulation of Auditory and Visual Inputs to MCs
In our previous work (Mu et al., 2012) , we found that flash stimuli can enhance sound-evoked escape behavior by activating HC dopaminergic neurons. Interestingly, in the present study, we found that the activation of HC dopaminergic neurons can suppress visual escape behavior. These apparently opposite effects of HC dopaminergic neurons on auditory versus visual escape behaviors may be accounted for by different locations of D1Rs involved ( Figure S7C ). The dopaminergic modulation on visual inputs to MCs is mainly mediated by D1Rs expressed on glycinergic interneurons but not on MCs (see Figures 3J, 3K , 5G, and S6G), while the modulation of auditory inputs is largely mediated by D1Rs expressed on MCs (Mu et al., 2012) . Through D1Rs, HC dopaminergic neurons play an inhibitory effect on both the VIII th nerve (auditory input) and tectal projection fibers (visual input). D1R activation can reduce the spontaneous activity of the VIII th nerve through suppressing the activity of persistent sodium channels (Mu et al., 2012) . In the present study, the inhibitory effect is mediated by glycinergic interneurons, which suppress synaptic transmission from tectal projection fibers to MCs via a presynaptic mechanism. Moreover, the activation of D1Rs on MCs amplifies auditory inputs (Mu et al., 2012) but has no obvious effect on visual inputs of MCs (see Figures 3J and 3K ), suggesting that D1Rs may unevenly distribute on MCs. Taken together, the activation of HC dopaminergic neurons boosts auditory synaptic transmission from the VIII th nerves to MCs mainly via D1R-mediated amplification of postsynaptic responses in MCs. By contrast, the activation of HC dopaminergic neurons inhibits visual synaptic transmission from tectal projection fibers to MCs via D1R-mediated activation of glycinergic interneurons. Thus, it indicates that HC dopaminergic neurons can play a push-pull action on visual versus auditory signal processing in the escape circuit.
Conclusion
Our study describes a neural circuit mechanism for stimulusspecific control of visuomotor transformation. Through a visually responsive dopaminergic-inhibitory neural circuit, visuomotor transformation can be flexibly modulated to enable animals' appropriate behaviors in a natural environment.
EXPERIMENTAL PROCEDURES Zebrafish Husbandry
Zebrafish were handled following a standard protocol (Mu et al., 2012) . All experiments were performed on 4-7 dpf larvae. The handling procedures were approved by the Institution of Neuroscience, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. See also Supplemental Experimental Procedures.
Escape Behavior Test
Larval behavior was monitored using an infrared-sensitive high-speed camera (Redlake Motionscope M3). Six larvae were tested each time, and for each larva 7-10 trials were performed to calculate escape probability. Visual stimuli were generated by a self-written Matlab program and delivered through a miniprojector. See also Supplemental Experimental Procedures.
In Vivo Electrophysiological Recording
In vivo electrophysiological recording was done according to a modified protocol (Mu et al., 2012) . In vivo whole-cell recording of MCs in wild-type or transgenic larvae and GFP-positive glycinergic interneurons in Tg(GlyT2:GFP) larvae, multi-unit recording of mCherry-positive tectal projection fibers in enhancer trap line (MÜ 4023-19) larvae, and cell-attached recording of GFPpositive glycinergic interneurons in Tg(GlyT2:GFP) larvae and HC dopaminergic neurons in ETvmat2:GFP larvae were all made under visual guidance with a patch-clamp amplifier (MultiClamp 700B, Axon Instruments). See also Supplemental Experimental Procedures.
Optogenetic Activation
Optogenetic activation of HC dopaminergic neurons was performed in Tg(DAT:ChR2) or Tg(GlyT2:GFP,DAT:ChR2) transgenic larvae. The optogenetic stimulation was done with an Olympus Fluoview 1000 confocal microscope using a SIM path to scan the middle layer of the HC for 5 s or 10 s with a 440 nm laser. The scanning speed was 100 ms/pixel, and the spatial resolution was 320 pixel/frame. See also Supplemental Experimental Procedures.
Statistics
A p value less than 0.05 was considered to be statistically significant. All results are represented as mean ± SEM. See also Supplemental Experimental Procedures. 
